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ber of important cytokines, chemokines, cell surface
receptors, and adhesion molecules (Baeuerle and Henkel,
1994). Moreover, NF-kB prevents programmed cellSummary
death, especially that triggered by TNFa (Beg and Balti-
more, 1996; Liu et al., 1996; Van Antwerp et al., 1996;Transcription factor NF-kB, whose activation depends
Wang et al., 1996; Wu et al., 1996). This protective func-on the IKKb catalytic subunit of the IkB kinase, was
tion is cell autonomous in fibroblasts and lymphoid cellassigned with both anti- and proapoptotic functions
lines (Beg and Baltimore, 1996; Van Antwerp et al., 1996;in T lymphocytes. To critically evaluate these func-
Wu et al., 1996) and is of great physiological importance,tions, we transferred Ikkb2/2 or wild-type (wt) fetal liver
as p65 (RelA)-deficient mice exhibit severe fetal hepato-(FL) stem cells into lethally irradiated mice. Ikkb2/2
cyte apoptosis, resulting in their death at midgestationradiation chimeras show thymic rudiments, aberrant
(Beg et al., 1995a). A similar phenotype is exhibited bylymphoid organs, and absence of T cells. T lymphopoi-
Ikkb2/2 mice, which are defective in NF-kB activation (Liesis is rescued when Ikkb2/2 stem cells are cotrans-
et al., 1999a, 1999b). Liver apoptosis in Rela2/2 andferred with wt bone marrow, suggesting that IKKb
Ikkb2/2 fetuses is, however, prevented by inactivation ofmay mediate its lymphopoietic function via extrinsic
either the Tnfa (Doi et al., 1999) or Tnfr1 (Li et al., 1999a)factors. However, almost normal development of
genes, indicating that it is driven by TNFa through its
Ikkb2/2 T cells is observed upon removal of type 1 TNFa
type 1 receptor. Increased apoptosis of keratinocytes,
receptor, indicating that TNFa signaling accounts for as well as cells within thymus and spleen, were found
the absence of Ikkb2/2 T cells. Indeed, Ikkb2/2 radiation in Ikkg/Nemo1/2 female mice, which, due to the X linkage
chimeras exibit elevated circulating TNFa, and Ikkb2/2 of the Ikkg/Nemo gene, are mosaics of IKK- and NF-
thymocytes display increased TNFa sensitivity.
kB-positive and -negative cells (Makris et al., 2000;
Schmidt-Supprian et al., 2000). Recently, it was also
Introduction shown that certain Rel proteins are important for B cell
survival (Grossmann et al., 2000). However, NF-kB may
The IkB kinase (IKK) complex is essential for activation also promote apoptosis, as constitutive NF-kB activa-
of transcription factor NF-kB in response to proinflam- tion through deletion of its inhibitor, IkBa, results in
matory stimuli (Rothwarf and Karin, 1999; Karin and splenic and thymic atrophy and neonatal lethality (Beg
Delhase, 2000). IKK consists of three polypeptides, the et al., 1995b). Furthermore, inhibition of NF-kB activity
catalytic subunits IKKa and IKKb, and the regulatory/ in the T cell compartment through specific expression
structural subunit IKKg/NEMO (Rothwarf and Karin, of a degradation- and phosphorylation-resistant form of
IkBa [IkBa(A32/36) superrepressor] protects immature1999). IKKa and IKKb have very similar primary struc-
thymocytes from activation-induced death but not fromtures with N-terminal protein kinase domains and a leu-
apoptosis caused by g irradiation (Hettmann et al., 1999).cine zipper and helix-loop-helix motifs in their C-terminal
These results suggest that NF-kB plays a positive roleportions (Mercurio et al., 1997; Zandi et al., 1997). The
in activation-induced death of premature thymocytes,predominant form of IKK in mammalian cells is an
which occurs via apoptosis. As T cell development wasIKKa:IKKb heterodimer associated with IKKg/NEMO
not perturbed in the CD2-IkBa(A32/36) transgenic mice(Rothwarf et al., 1998). Upon cell stimulation, the cyto-
(Hettmann et al., 1999), these results also suggest thatplasmic IKK complex specifically phosphorylates two
NF-kB may not play a major role in T cell development.N-terminal serines of the IkB inhibitors, triggering their
Other experiments, however, based on targeted inac-polyubiquitination and proteosomal degradation (Karin
tivation of individual NF-kB/Rel genes, have suggested
the involvement of Rel/NF-kB proteins in development‡ To whom correspondence should be addressed (e-mail: karinoffice@
of the immune system and the lymphoid lineage (Begucsd.edu).
et al., 1995a; Sha et al., 1995; Doi et al., 1997; Horwitz§ Present address: Laboratoire Oncogenese, Differenciation et
et al., 1997; Gerondakis et al., 1999). Generally, singleTransduction du signal, Institut Andre Lwoff, 7 Rue Guy Moquet,
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c-Rel, or RelB exhibit defects in B and T cell proliferation Results
and activation, reduced immunoglobulin secretion, and
impaired immune functions but only minor maturation de- Incomplete Reconstitution of Hematopoietic Organs
after Adoptive Transfer of Ikkb2/2 Stem Cellsfects of lymphoid cells (Gerondakis et al., 1999). It was
assumed that these small effects were due to functional Although IKKb and NF-kB are likely to be involved in
survival, differentiation, or proliferation of numerous he-redundancy. More dramatic defects were revealed by
adoptive transfer experiments, which showed a reduc- matopoietic cell types, the following analysis is focused
on their role in T lymphocyte development and survival.tion in B cell numbers in lethally irradiated mice reconsti-
tuted with Rela2/2 fetal liver (FL) stem cells (Doi et al., Therefore, FL stem cells were isolated from E12.5 Ikkb2/2
or wt fetuses and transferred into lethally irradiated1997). The residual B cells found in these mice exhibit
impaired proliferative responses and reduced immuno- hosts. At 6 weeks after the transfer, the donor origin of
leukocytes was confirmed by expression of the CD45.2globulin secretion. An even more severe lymphopoietic
defect with complete absence of B cells was found in surface antigen. Complete elimination of host hemato-
poietic cells was confirmed by negative staining for thelethally irradiated mice reconstituted with double-defi-
cient Rela2/2Nf-kb12/2 FL stem cells (Horwitz et al., 1997). host-specific CD45.1 marker. The pattern of CD45.2
staining differed significantly between animals receivingHowever, B lymphopoiesis was rescued by cotransfer of
Rela2/2Nf-kb12/2 stem cells with wild-type (wt) bone mar- wt or Ikkb2/2 grafts (Figure 1A). Ikkb2/2-derived cells in
the bone marrow gave rise to a more homogenousrow (Horwitz et al., 1997). Other gene-targeting experi-
ments demonstrated that Rel proteins may prevent thymic CD45.2 expression profile than wt-derived cells. These
results suggest that fewer cell types were generated byatrophy (Franzoso et al., 1997; Weih et al., 1997). Recent
experiments suggest a rather specific function for NF- Ikkb2/2 stem cells than by wt donor cells. Nevertheless,
Ikkb2/2-reconstituted mice survived for 6 weeks in ankB in promoting survival of premature thymocytes, which
express the pre-T cell receptor (pre-TCR) (Voll et al., 2000). apparently disease-free state (see below). Very few
Ikkb2/2-derived cells were found in the thymic rudimentsSome of the difficulties in understanding the role of
NF-kB in T cell development and survival may, indeed, of reconstituted mice (Figure 1B), whereas absolute
numbers of IKKb-deficient cells in the spleen (Figurebe attributed to the functional redundancy of Rel/NF-
kB proteins. Thus, a single Rel knockout may not result 1B) and lymph nodes (data not shown) were moderately
elevated, relative to the wt-reconstituted organs. Strik-in a substantial reduction in NF-kB activity. Also, expres-
sion of the IkBa(A32/36) superrepressor in T cells causes ingly, very few if any mature B and T cells were found
in Ikkb2/2 radiation chimeras (Figure 1C).only a partial inhibition of NF-kB activity (Hettmann et
al., 1999). To overcome these potential problems and
pitfalls, we used Ikkb2/2 FL liver stem cells to reconstitute Failure of Thymocyte Development and Increased
Apoptosis in the Absence of IKKbthe hematopoietic system of lethally irradiated mice.
This allowed us to determine the contribution of NF-kB, Although Ikkb2/2 FL stem cells seem to be defective in
both B and T cell lymphopoiesis, the subsequent analy-whose activation is highly dependent on IKKb (Rothwarf
and Karin, 1999), to development, proliferation, and sur- sis was focused on T cells. Autopsy at 6 weeks post-
transplantation revealed only a very small residual thy-vival of T cells and other hematopoietic cell types. In
addition, we generated Ikkb2/2Tnfr12/2 double mutant mic tissue in Ikkb2/2 radiation chimeras. Histological
analysis demonstrated the dramatically reduced cellu-mice, which survive a few weeks after birth until they
succumb to opportunistic infections. We focused on larity of Ikkb2/2-reconstituted thymic rudiments and no
distinction between medulla and cortex, in marked con-the role of IKKb and NF-kB in T cell development and
survival, and we were especially interested in determin- trast to wt-reconstituted thymi (Figures 2Aa and 2Ab).
Flow cytometry showed very few Ikkb2/2-derived prema-ing whether the major function of IKKb and NF-kB in
these cells is pro- or antiapoptotic and whether they are ture (CD251 and/or CD441) or more mature (CD41 and/
or CD81) cells in the thymic rudiments (Figure 2B). Micro-required for development and maturation. Our findings
strongly suggest that IKKb is crucial for protection of T scopic examination revealed a more heterogeneous cel-
lular pattern in Ikkb2/2 thymic rudiments than in wt-lymphocytes from TNFa-induced apoptosis. We also
found that IKKb-dependent NF-kB activation does not reconstituted thymi; lymphoid cell numbers were low,
and blastoid cells were frequent (Figures 2Ac and 2Ad).play a major role in T lymphopoiesis, as IKKb-deficient
stem cells can give rise to almost normal numbers of T Interestingly, relatively high numbers of granulocytes
were present in the Ikkb2/2 thymic rudiments but werelymphocytes, as long as they are protected from TNFa-
induced apoptosis. absent from wt-derived tissue (Figures 2Ac and 2Ad).
Figure 1. Donor-Originated Hematopoietic Cells in Lethally Irradiated and Reconstituted CD45.1 Hosts
(A) Single-cell suspensions of host lymphoid organs were stained for the donor-specific CD45.2 marker 6 weeks after engraftment with either
wt (Ikkb1/1) or mutant (Ikkb2/2) FL cells. Ten thousand events were collected. Gray plots indicate successful reconstitution by wt FL stem
cells. Black plots show partial reconstitution by Ikkb2/2 stem cells. Control staining for the CD45.1 marker shows complete elimination of host
leukocytes in a recipient of mutant FL stem cells (dotted plots). Plots are representative of at least three independent experiments.
(B) Absolute lymphoid organ cell numbers. Whole-organ single-cell suspensions were prepared from thymus and spleen, followed by erythrolysis
of splenocyte cell suspension. Cell counts were performed in triplicate. Results are expressed as mean 6 SEM of five independent experiments.
(C) B and T cells in peripheral blood. After erythrolysis, peripheral leukocytes were stained for T (Thy1.2) and B (B220) cell markers. CD45.21 cells
are gated. Almost no T or B cells derived from Ikkb2/2 FL stem cells could be detected. Plots are representative of three independent experiments.
Figure 2. Absence of Mature T Cells in Ikkb2/2 Radiation Chimeras and Increased Thymic Apoptosis
(A) Thymi of wt- and Ikkb2/2-reconstituted recipients were fixed and stained with H&E. Normal structure of the wt thymus with distinct cortex
and medulla can be seen. The mutant thymic remnant is reduced in size and structurally disorganized. Higher magnification reveals normal
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TUNEL staining revealed a much higher frequency of trast, increased numbers of myeloid cells, positive for
Gr-1 and F4/80, were present in Ikkb2/2-reconstitutedapoptotic cells in IKKb-deficient thymic remnants in
comparison to wt-reconstituted thymi (Figure 2C). This spleen (Figure 4A) and lymph nodes (data not shown).
Similar results were obtained by histological analysis.increase in apoptosis was reproducibly observed, even
though the general appearance of wt- or Ikkb2/2-recon- The microscopic pattern of Ikkb2/2-reconstituted spleen
and lymph nodes differed significantly from organs re-stituted mice was indistinguishable at the time of
analysis. constituted by wt stem cells (data not shown). Regular
primary follicles were absent in Ikkb2/2 lymphoid organs.
In agreement with the flow cytometry data, increasedAbsence of Common Lymphoid Progenitors
granulopoiesis was apparent in the Ikkb2/2 spleen (datain Ikkb2/2-Derived Bone Marrow
not shown).To determine which stage of lymphocyte differentiation
is defective in the Ikkb2/2 chimeras, expression of CD127
(IL-7 receptor a chain), a marker for common lymphoid
The Lymphopoietic Defect in Ikkb2/2 Recipients
progenitors (Kondo et al., 1997), was analyzed in the
Is Rescued by WT Bone Marrow
bone marrow. No CD1271 cells could be detected (Fig-
It was previously shown that B lymphopoiesis by
ure 3A). In agreement with this observation, no IL-7-
Rela2/2Nf-kb12/2 FL stem cells can be rescued by cotrans-dependent colonies were formed by Ikkb2/2-derived
fer of wt bone marrow cells (Horwitz et al., 1997). We
bone marrow cells plated on methylcellulose (Figure 3B),
used a similar approach to determine the contribution
suggesting the absence of lymphoid progenitors within
of the hematopoietic microenvironment to the defective
the bone marrow. Interestingly, the main Ikkb2/2-derived
T cell lymphopoiesis in Ikkb2/2-reconstituted mice. Thus,
cell population in the bone marrow consisted of cells
mutant FL stem cells were cotransferred with CD45.11
expressing the granulocyte- and macrophage-specific
wt bone marrow cells. Unlike animals reconstituted with
markers GR-1 and F4/80, respectively (Figure 3C). Con-
mutant FL stem cells alone, these animals present a
sistent with these findings, moderately increased num-
normal thymus (data not shown) and contain mature
bers of c-Kit-expressing stem cells were detected in
Ikkb2/2-derived thymocytes and peripheral T cells. CD4
Ikkb2/2-derived bone marrow (Figure 3A), as well as
and CD8 single-positive CD45.21 T cells were found,
higher numbers of myeloid colonies upon culture of
albeit in lower than normal frequency, in the coreconsti-
Ikkb2/2 bone marrow in the presence of IL-3 or G-CSF
tuted thymus, suggesting a partial proliferation defect of
(Figure 3B). Accordingly, histological analysis of spleen
Ikkb2/2-deficient lymphoid progenitors (Figures 5A and
and bone marrow revealed abundant myeloid lineage
5B). Analysis of peripheral lymphoid organs also re-
cells in Ikkb2/2-derived tissues (data not shown).
vealed mature T and B lymphocytes (in lower numbers
Increased granulopoiesis usually is an indicator of
than in wt animals) and normal myeloid cell numbers, as
bacterial infection. However, probably due to the routine
well as regular structural organization (data not shown).
provision of antibiotics, neither the wt nor the Ikkb2/2
radiation chimeras were overtly infected, and bacterial
cultures of their blood were negative (data not shown). Almost Normal Development but Reduced
One animal transplanted with Ikkb2/2 cells showed mas- Proliferation of Ikkb2/2Tnfr12/2 Thymocytes
sive skin ulcers after 6 weeks and was not included in The results described above revealed that Ikkb2/2 FL
the analysis. All other animals did not present any inter- stem cells can give rise to mature T cells. To examine
nal tissue infections at inspection. However, Ikkb2/2 radi- whether T cells are actually generated in Ikkb2/2 mice,
ation chimeras tended to show symptoms of illness after we intercrossed Ikkb1/2 mice with Tnfr12/2 mice. Ikkb2/2
6 weeks and were therefore analyzed at 6 weeks post- Tnfr12/2 double mutant mice were born alive with normal
transfer. appearance but were slightly smaller than Ikkb1/1Tnfr12/2
mice. Anatomical examination of Ikkb2/2Tnfr12/2 mice re-
vealed normally formed thymus and spleen (data notAbsence of T Lymphocytes in IKKb-Deficient
Peripheral Lymphoid Organs shown). Flow cytometry of thymocytes showed almost
normal development, except for a slightly elevated fre-The spleen and lymph nodes of Ikkb2/2 radiation chime-
ras were considerably larger than those of wt chimeras quency of single-positive CD41 and CD81 cells in
Ikkb2/2Tnfr12/2 thymi in comparison to Ikkb1/1Tnfr12/2(data not shown). Despite that, almost no Thy1.21 or
B2201 lymphocytes (data not shown) were detectable thymi (Figure 6A). Furthermore, the frequency of double-
positive CD41CD81 immature thymocytes was slightlyby flow cytometric analysis of spleen and lymph node
cells from Ikkb2/2-reconstituted mice (Figures 4A and reduced in Ikkb2/2Tnfr12/2 mice relative to Ikkb1/1Tnfr12/2
animals. This was accompanied by a reduction in abso-4B). Thy1.21 cells were also nondetectable in peripheral
blood of Ikkb2/2 radiation chimeras (Figure 4C). In con- lute thymocyte numbers (Figure 6B). These changes
distribution of wt thymocytes but heterogeneous cell populations with high numbers of blastoid cells (arrowheads) and pyknotic-appearing
lymphoid cells (arrows) in the Ikkb2/2 thymic remnant. Original magnifications, 1003 and 6003.
(B) Flow cytometric analysis of donor-derived cells in the thymic remnant. Cells were stained with mAbs specific for thymocyte cell surface
markers of FL-derived T cells. The dot plots show CD45.2-gated cells. Low frequencies of CD441 cells and double-positive cells (CD41CD81)
but no single-positive cells could be detected in Ikkb2/2-reconstituted thymic remnants.
(C) Elevated apoptosis in Ikkb2/2 thymic remnants. TUNEL staining shows dramatic increase in the frequency of apoptotic cells in the Ikkb2/2
thymic remnant in comparison to wt-reconstituted mouse. The lower panel shows DAPI staining at the same areas. Original magnification, 4003.
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Figure 3. IKKb-Deficient Bone Marrow Lacks Early Lymphocyte Progenitors but Reveals Increased Myelopoiesis
(A) Bone marrow cells from wt and Ikkb2/2 radiation chimeras were stained with mAbs specific for c-Kit or CD127 (black plots, Ikkb2/2; gray
plots, wt). Histograms show elevated relative numbers of c-Kit-expressing stem cells and lack of CD1271 common lymphoid progenitor cells
in Ikkb2/2-reconstituted mice.
(B) Bone marrow cells from wt and Ikkb2/2 radiation chimeras were examined for formation of myeloid and lymphoid colonies in semisolid
media in the presence of IL-3, G-CSF, and IL-7. Ikkb2/2 bone marrow cells did not form colonies upon stimulation with IL-7, whereas higher
colony numbers could be detected following stimulation with IL-3 and G-CSF, respectively, compared to wt bone marrow cells.
(C) Flow cytometric analysis of donor-derived CD45.2 bone marrow cells. Cells were stained with mAbs specific for cell surface markers of
FL-derived granulocytic (Gr-1) and monocytic (F4/80) cells. CD45.21 cells are gated, and percentages of granulocytic and monocytic cells
are indicated. The data are representative of at least three analyzed animals in each group.
IKKb and T Cell Apoptosis
223
were reproducibly obtained in many animals analyzed
between days 3 and 16 postpartum.
Analysis of cell proliferation revealed that Ikkb2/2
Tnfr12/2 thymocytes exhibited reduced proliferative ca-
pacity in response to stimulation with PMA 1 ionomycin,
anti-CD3, or concanavalin A (Con A), relative to Ikkb1/1
Tnfr12/2 thymocytes (Figure 6C). The proliferation defect
was most dramatic when anti-CD3 was used as a stimu-
lus. As expected, double mutant Ikkb2/2Tnfr12/2 thymo-
cytes exhibited a severe defect in IKK and NF-kB activa-
tion following stimulation with PMA 1 ionomycin (Figure
6D). Thus, NF-kB activation is partially required for in-
duction of thymocyte proliferation but is not obligatory
for thymocyte differentiation. However, NF-kB activa-
tion may play a partial role in early steps of T lymphocyte
development, as suggested by the reduction in absolute
numbers of thymocytes in the Ikkb2/2Tnfr12/2 mice (Fig-
ure 6B).
IKKb Is Required for Protection of T Lymphocytes
Against TNFa-Induced Apoptosis
The almost normal thymocyte numbers and differentia-
tion in Ikkb2/2Tnfr12/2 double mutant mice seemed con-
tradictory to the complete absence of T lymphocytes in
Ikkb2/2 radiation chimeras. One possible explanation for
this contradiction is the prevention of apoptosis in
TNFR1-deficient double mutant T lymphocytes. To ex-
amine this possibility, we reconstituted lethally irradi-
ated mice with double mutant Ikkb2/2Tnfr12/2 FL stem
cells. Surprisingly, normal T lymphopoiesis (Figure 7A) and
almost complete reconstitution of the thymus (Figure 7B)
were observed in such animals. Increased myelopoiesis
was no longer detected (data not shown). These results
therefore support the notion that the defective lymphopoi-
esis in Ikkb2/2-reconstituted mice is due to excessive
TNFa-induced apoptosis. To further examine this point,
we compared the sensitivity to various proapoptotic
stimuli of wt and Ikkb2/2 thymocytes isolated from radia-
tion chimeras cotransplanted with wt bone marrow. The
Ikkb2/2 thymocytes revealed increased susceptibility to
induction of apoptosis by TNFa and anti-Fas but normal
sensitivity to cycloheximide, dexamethasone, or activa-
tion-induced death (Figures 7C and 7D).
If the absence of Ikkb2/2 lymphoid cells is due to TNFa-
induced apoptosis, Ikkb2/2 radiation chimeras should
produce TNFa. Indeed, we found elevated levels of
TNFa mRNA in the livers of Ikkb2/2 radiation chimeras
and modestly elevated serum TNFa levels in comparison
to wt-reconstituted mice (Figure 7E). It should be noted
that even in wt radiation chimeras the levels of circulat-
ing TNFa are considerably higher than those detectedFigure 4. Absence of T Cells and Increased Myelopoiesis in Periph-
in untreated normal wt mice and are probably a sequelaeral Ikkb2/2-reconstituted Lymphoid Organs
of the transplantation procedure. Nevertheless, Ikkb2/2(A) Splenocytes were analyzed for expression of donor-derived T
radiation chimeras express more TNFa than wt-recon-cell (Thy1.2), granulocyte (Gr-1), and monocyte (F4/80) markers. If
relevant, percentages of positive cells are indicated. Notice the per- stituted mice, and their thymocytes are more sensitive
sistence of a small number of host T cells in mutant-reconstituted to TNFa-induced apoptosis.
spleen.
(B and C) Flow cytometric profiles of donor-derived Thy1.21 cells
Discussionin lymph nodes (B) and peripheral blood (C). Dot plots are represen-
tative of four independent experiments.
IKKb and Lymphocyte Apoptosis
Previous analysis of NF-kB function in the control of
T cell apoptosis has produced somewhat conflicting
results. Specific expression of the IkBa(A32/36) superre-
Immunity
224
Figure 5. Rescue of T Lymphopoiesis after
Cotransplantation of Ikkb2/2 FL Cells with WT
Bone Marrow
Wt (Ikkb1/1) or mutant (Ikkb2/2) FL cells
(5 3 105) (CD45.21) were cotransferred with
CD45.11 wt bone marrow cells (5 3 105) into
lethally irradiated CD45.11 hosts. At 6 weeks
after transfer, single-cell suspensions of thy-
mus were stained for specific markers of do-
nor leukocytes (CD45.2) and T (CD4 and CD8)
cells.
(A) CD45.2-expressing thymocytes after co-
transfer. Numbers of FL-derived Ikkb2/2 thy-
mocytes are reduced compared to thymo-
cytes descendent from wt FL stem cells.
(B) Mature single-positive thymocytes are
formed by both wt and Ikkb2/2 stem cells.
Percentages of cells within the indicated re-
gions are presented. Dot plots are represen-
tative of three independent experiments.
pressor in T cells demonstrated that NF-kB is required ing the death of either normal or Ikkb2/2 thymocytes, its
cumulative action during the 5–6 weeks that separatefor activation-induced death of double-positive CD41
CD81 thymocytes (Hettmann et al., 1999). It was also the grafting procedure from the time of analysis results
in the complete absence of T lymphocytes in Ikkb2/2found that, in the developing avian embryo, apoptosis
can be caused by overexpression of c-Rel (Abbadie et radiation chimeras. As the generation of T cells by Ikkb2/2
stem cells is almost completely restored by deletion ofal., 1993). Furthermore, inhibition of NF-kB activation in
cultured human thymocytes was reported to prevent TNFR1, it follows that most of the lymphocyte death
is due to TNFa action. As discussed below, the mostapoptosis (Bessho et al., 1994). However, this proapo-
ptotic function of Rel proteins is in striking contrast to important effect of TNFa in this system is to directly
induce the death of NF-kB-deficient thymocytes. Wethe well-characterized involvement of NF-kB in suppres-
sion of apoptosis, especially that caused by TNFa and therefore propose that Rel/NF-kB transcription factors
may have a dual function in the control of T lymphocyteits family members (Beg and Baltimore, 1996; Liu et al.,
1996; Van Antwerp et al., 1996; Wang et al., 1996; Wu apoptosis that is dependent on the actual level of NF-
kB activity (Figure 7F). A modest (50%) reduction in NF-et al., 1996). In vivo, RelA- and p50 1 RelA–deficient mice
exhibit embryonic lethality due to hepatocyte apoptosis kB activity, such as achieved by expression of the IkBa
superrepressor (Hettmann et al., 1999), is probably suffi-(Beg et al., 1995a; Horwitz et al., 1997), which can be
prevented by elimination of TNFa or TNFR1 (Doi et al., cient for inhibiting or reducing the production of death
cytokines, including TNFa and family members, whose1999; Li et al., 1999a). A similar phenotype is displayed
by IKKb-deficient (Li et al., 1999a, 1999b) as well as induction is NF-kB dependent (Baeuerle and Henkel,
1994). However, a modest reduction in NF-kB activityIKKg-deficient mouse embryos (Makris et al., 2000;
Schmidt-Supprian et al., 2000). It was also reported that may not be sufficient for decreasing the expression of
antiapoptotic genes below the threshold needed for cellexpression of the IkBa superrepressor in mature T cells
increases their susceptibility to activation-induced cell survival, whereas almost complete elimination of NF-kB
activity results in a marked increase in sensitivity todeath (Boothby et al., 1997).
Consistent with the antiapoptotic function of NF-kB, apoptosis.
It should be recognized that the CD2 promoter directswe found that the severe reduction in NF-kB activity in
IKKb-deficient T lymphocytes results in a marked in- transgene (IkBa superrepressor) expression to the T cell
compartment (Lake et al., 1990) and, therefore, has nocrease in their sensitivity to TNFa-induced apoptosis.
Although TNFa is not as efficient as Fas ligation in induc- effect on expression of proapoptotic or antiapoptotic
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Figure 6. Almost Normal Development but Defective Proliferation of Ikkb2/2Tnfr12/2 Thymocytes
(A) Single-cell suspensions of thymocytes from 8-day-old Ikkb1/1Tnfr12/2 (control) and Ikkb2/2Tnfr12/2 mice were stained with anti-CD4 and
anti-CD8 antibodies and analyzed by flow cytometry. Mice of different ages (day 3 to day 16) show a similar pattern. Results are representative
of three independent experiments.
(B) Thymic cell count. Whole-organ single-cell suspensions were prepared from thymus. Cell counts were performed in triplicate. Results are
expressed as mean 6 SEM of at least five animals at the age of 3–16 days in each group.
(C) Defective proliferation of Ikkb2/2Tnfr12/2 thymocytes. Thymocytes from 8-day-old Ikkb1/1Tnfr12/2 and Ikkb2/2Tnfr12/2 mice were stimulated
with PMA 1 ionomycin (P 1 I), plate-bound anti-CD3, or Con A for 24 hr. Incorporation of [3H]thymidine was determined by standard procedures.
Values shown are mean 6 SEM of three separate experiments.
(D) Defective NF-kB and IKK activation by PMA 1 ionomycin (P 1 I) in Ikkb2/2Tnfr12/2 thymocytes. At the indicated times poststimulation,
whole-cell extracts of the specified genotypes were prepared and used to measure IKK activity (KA; upper panel) and DNA binding activity
of NF-kB. IB, immunoblotting.
factors by other cell types. In contrast, in the Ikkb2/2 than in wt-reconstituted mice. It is likely, however, that
the elevated level of TNFa, like the increased numberradiation chimeras, NF-kB activity is abolished in all
hematopoietic cell types. Nevertheless, the absence of of granulocytes, is a sign of cryptic infection facilitated
by the immunodeficient state of the Ikkb2/2 radiationIKKb in hematopoietic cells does not result in TNFa
deficiency. On the contrary, the level of circulating TNFa chimeras. Alternatively, the increased number of granu-
locytes in these mice is a compensatory response tois significantly higher in the Ikkb2/2 radiation chimeras
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Figure 7. IKKb Is Required for Prevention of TNFa-Induced Apoptosis of T Lymphocytes
(A) Single-cell suspensions of thymocytes from Ikkb1/1Tnfr12/2 and Ikkb2/2Tnfr12/2 radiation chimeras prepared 6 weeks postgrafting were
stained with anti-CD4 and anti-CD8 antibodies and analyzed by flow cytometry. Mice reconstituted with Ikkb1/1Tnfr12/2 or Ikkb2/2Tnfr12/2 FL
stem cells show identical staining patterns. Results are representative of three independent experiments.
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the loss of NF-kB activity. Either way, the increased creased sensitivity to taxol or nocadazol (C. Makris and
M. K., unpublished data). Therefore, in nontransformednumber of myeloid cells that produce basal levels of
TNFa (which are NF-kB independent) may be responsi- cells, the antiapoptotic function of NF-kB may be re-
stricted to only certain death pathways and may beble for the net increase in the level of circulating TNFa.
Alternatively, TNFa in Ikkb2/2 radiation chimeras is pro- limited to induction of death via members of the TNFR
family in thymocytes. Both the increased sensitivity ofduced by host cells. It should also be noted that the
cotransplantation of Ikkb2/2 FL stem cells with wt bone Ikkb2/2 thymocytes to TNFa and the increased levels
of this mediator in the circulation of Ikkb2/2 radiationmarrow reduces the number of circulating granulocytes
and is likely to restore immunocompetence. Therefore, chimeras strongly suggest that TNFa-mediated apo-
ptosis is the primary contributor to the absence of Tthe decreased production of TNFa and other death me-
diators in wt bone marrow recipients is likely to be re- lymphocytes in these mice.
sponsible for the rescue of T lymphopoiesis. We find
this explanation more plausible than the previous pro- Role of the Hematopoietic Microenvironment
Normal hematopoiesis requires balanced interactionsposal that cells derived from wt bone marrow secrete
extrinsic factors, whose synthesis is NF-kB dependent, between hematopoietic progenitors and the microenvi-
ronment (Carsetti, 2000). Ample experimental data sug-which protect NF-kB-deficient Ikkb2/2 lymphocytes from
cell death (Horwitz et al., 1997). Nevertheless, the dra- gest an important role for Rel/NF-kB proteins in forma-
tion of a proper microenvironment. For example, NF-kBmatic granulocytosis in Ikkb2/2 radiation chimeras can
contribute to the absence of T lymphocytes either is induced in developing thymocytes through interac-
tions with stromal cells and during the course of in vitrothrough induction of TNFa-mediated lymphocyte death
or through indirect perturbation of the hematopoietic thymic selection (Moore et al., 1995). RelB-deficient
mice present reduced populations of thymic dendriticmicroenvironment (see below).
In the adoptive transfer experiments presented here, and medullary epithelial cells (Burkly et al., 1995). In
addition, NF-kB regulates transcription of cytokines thatthe dramatic reduction in size and cellularity of the
Ikkb2/2-reconstituted thymus was associated with a modulate hematopoiesis, such as IL-2, IL-6, and GM-
CSF (Baeuerle and Henkel, 1994; Baldwin, 1996). Themarked increase in the frequency of apoptotic cells. The
possibility that remaining host thymocytes account for microenvironment consists of stromal cells of hemato-
poietic and nonhematopoietic origin (Melchers et al.,the apoptotic cells can be ruled out, because only a low
number of donor-derived cells but no host cells could 1999). Hematopoietic stromal cells support differentia-
tion and proliferation of very immature hematopoieticbe detected in the thymic rudiments. The pronounced
thymic apoptosis was accompanied by moderately ele- cells, like the common lymphoid progenitor, both through
cell–cell contacts (Hardy et al., 1991) and via secretionvated apoptosis in the Ikkb2/2-reconstituted spleen. A
similar increase in the frequency of apoptosis in thymus of cytokine growth factors (e.g., IL-7) and chemokines
(Melchers et al., 1999). In the Ikkb2/2 radiation chimeras,and spleen was observed in mice that are mosaics for
deficiencies in the IKKg/NEMO subunit of the IKK com- the hematopoietic portion of the microenvironment that
is sensitive to irradiation is replaced by Ikkb2/2 stromalplex (Makris et al., 2000; Schmidt-Supprian et al., 2000).
Both Ikkb2/2 and Ikkg/Nemo2 fibroblasts are severely cells, whose ability to produce NF-kB-dependent cyto-
kines and chemokines is reduced. It was suggested thatdefective in NF-kB activation and are hypersensitive to
TNFa-induced apoptosis (Li et al., 1999a, 1999b; Makris one or several of these cytokines and chemokines are
required for protection of NF-kB-deficient cells fromet al., 2000). Importantly, the loss of IKKb sensitizes
thymocytes to death induced by TNFa or ligation of TNFa-induced apoptosis (Horwitz et al., 1997). This pro-
tection could be mediated either via a diffusable anti-Fas, a member of the TNFR family. Ikkb2/2 thymocytes,
however, show normal sensitivity to cycloheximide, apoptotic factor or more likely through maintaining a
proper homeostasis of myeloid cells, whose numbersdexamethasone, or activation-induced death. Similarly,
IKKg/NEMO-deficient fibroblasts do not display in- are dramatically upregulated in the absence of NF-kB
(B) Total cell counts of thymi from either Ikkb1/1Tnfr12/2 or Ikkb2/2Tnfr12/2 radiation chimeras. Counts of single-cell suspensions were performed
in triplicate, 6 weeks after transfer. Results are expressed as mean 6 SEM of three animals in each group.
(C) Flow cytometric analysis of viable thymocytes isolated from lethally irradiated mice cotransplanted with wt bone marrow (CD45.11) and
Ikkb1/1 or Ikkb2/2 FL stem cells (CD45.21). Cells untreated or treated with 10 ng/ml TNFa were triple stained with CD45.1, CD45.2, and 7-AAD.
Numbers are percentages of total viable cells (negative for 7-AAD staining).
(D) Increased sensitivity of Ikkb2/2 thymocytes to TNFa-induced death. After cotransfer with wt bone marrow, CD45.21 thymocytes were sorted
and treated in vitro with the indicated agents. Apoptotic rates were determined in duplicates 20 hr later and are expressed normalized to
untreated thymocytes. The data represent the mean of three independent experiments 6 SEM.
(E) TNFa expression in radiation chimeras. TNFa mRNA was quantitated and normalized to GAPDH mRNA by real-time RT-PCR. Histograms
represent TNFa mRNA levels in tissues of wt and Ikkb2/2 radiation chimeras relative to TNFa mRNA of five pooled untreated wt mice and are
the means of at least three independent experiments 6 SEM. Serum TNFa levels were measured by ELISA. The data represent mean values
of eight wt and six Ikkb2/2 radiation chimeras.
(F) Proposed mechanism for the control of T lymphocyte apoptosis by NF-kB. Normal levels of NF-kB activity prevent apoptosis of thymocytes
via expression of survival genes, which counteract the action of death genes. Dramatically reduced NF-kB activity results in high rates of
apoptosis, due to reduced expression of survival genes, which sensitizes NF-kB-deficient cells to extrinsic death cytokines, such as TNFa.
A modest decrease in NF-kB activity, however, is sufficient to reduce expression of NF-kB death genes without a substantial reduction in
expression of survival genes, resulting in increased survival. A large increase in NF-kB activity may favor cell death through increased
production of death cytokines.
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activity and that may contribute to increased TNFa lev- upon TCR activation with anti-CD3. These results are
very similar to those observed in transgenic mice ex-els. It is also formally possible that the elevated myelo-
poiesis, especially the marked granulocytosis, in Ikkb2/2- pressing the IkBa(A32/36) superrepressor (Hettmann et
al., 1999). Also, analysis of mice deficient in protein ki-and NF-kB-deficient radiation chimeras, may perturb T
lymphopoiesis indirectly and may even compete with nase C (PKC) u reveals that PKC u is required for NF-kB
activation in response to T cell–activating stimuli and isthymocytes for a proper niche for their development.
However, while such an indirect effect may certainly necessary for proliferation of mature T cells but not for
thymocyte development or maturation (Sun et al., 2000).aggravate the defective lymphopoiesis caused by in-
creased sensitivity to TNFa-induced apoptosis, it should In conclusion, the results presented here strongly sug-
gest that IKKb, via its effect on NF-kB, is essential forbe noted that the granulocytosis in Ikkb2/2 radiation chi-
meras (this study) and Ikkg1/2 mice (Makris et al., 2000) protection of thymocytes from TNFa-induced cell death.
IKKb, however, is not critical for thymocyte developmentmostly occurs in extrathymic tissues, while the thymic
rudiments of such animals contained high levels of dead and maturation, although it is required for their optimal
proliferation upon TCR activation and for reducing apo-thymocytes. Thus, as discussed above, the major factor
contributing to the thymocyte death in both cases is ptosis during early development.
likely to be their increased sensitivity to the elevated
Experimental Procedureslevels of TNFa.
Adoptive Transfer of Fetal Liver Cells
IKKb and Lymphocyte Development FLs were harvested from E12.5 embryos and placed in 1 ml Iscove’s
Previous results regarding the role of NF-kB in T lympho- modified Dulbecco’s medium and 2% fetal calf serum (FCS). For
rapid genotyping, embryonic tissue was digested in 100 ml 13 lysiscyte development and function have also been rather
buffer containing 1 mg/ml proteinase K and incubated for 1 hr atconfusing. Mice deficient in individual Nf-kb/Rel genes
558C. Genomic DNA was isolated and analyzed by PCR with IKKb-exhibit little or no defect in T cell development (Beg et
specific primers as described (Li et al., 1999b). FL single-cell suspen-
al., 1995a; Sha et al., 1995; Gerondakis et al., 1999), sions were prepared by repeated passage through a 21 gauge nee-
whereas Nf-kb12/2Relb2/2 and Nf-kb12/2Nf-kb22/2 double dle. Subsequently, cells were passed through a 40 mm cell strainer.
mutants displayed thymic atrophy (Franzoso et al., 1997; Within 6 hr, 1 3 106 FL cells were injected into the tail vein of an
8-week-old C57BL/6-CD45.1 female host (obtained from JacksonWeih et al., 1997). T cells derived from c-Rel2/2 mice or
Laboratory, Bar Harbor). Before injection, host animals were lethallyfrom severe combined immune deficiency (SCID) mice
irradiated with 950 rad of g irradiation. At 2 days prior to injection,reconstituted with Rela2/2 FL stem cells exhibit partial
host mice were maintained under sterile conditions, using auto-
proliferation defects upon stimulation with anti-CD3, claved cages, food, and water containing 25 mg/l neomycin sulfate
anti-CD3 1 anti-CD28, or Con A (Doi et al., 1997; Geron- and 13 mg/l polymyxin B sulfate. Cotransplanted mice were gener-
dakis et al., 1999). Similar partial proliferation defects ated as described above, except that after irradiation the animals
received 5 3 105 FL cells and 5 3 105 wt bone marrow cells derivedbut normal development were found in T cells and thy-
from 8- to 12-week-old C57BL/6-CD45.1 mice. To generate thymo-mocytes from transgenic mice that express the IkBa
cytes for in vitro apoptosis assays, 7.5 3 105 FL cells together with(A32/36) superrepressor driven by the T cell–specific
2.5 3 105 wt bone marrow cells were injected.
CD2 promoter (Hettmann et al., 1999). However, a more
detailed analysis has shown that expression of the IkBa Ikkb2/2Tnfr12/2 Mice
superrepressor in the T lineage resulted in a decrease Ikkb2/2Tnfr12/2 mice were generated by intercrossing Ikkb1/2 and
Tnfr12/2 mice (obtained from Jackson Laboratory). Mating pairs werein the number of premature stage IV thymocytes, even
kept under sterile conditions. Genotyping was performed as de-though the total number of thymocytes and their matura-
scribed above. Double mutant mice and Tnfr12/2 single mutants weretion were not reduced (Voll et al., 2000). Thus, NF-kB
analyzed within 3–16 days after birth. Ikkb2/2Tnfr12/2 FL stem cellsmay have a partial role in T cell development. Interest- were derived from E13.5 embryos and transferred into a CD45.11
ingly, even this developmental function is directly re- host as described above.
lated to the prevention of apoptosis (Voll et al., 2000).
The almost normal T lymphocyte development in Flow Cytometry
Single-cell suspensions were prepared by crushing lymphoid organsIkkb2/2Tnfr12/2 mice and the nearly complete reconstitu-
between microscope slides or, for bone marrow, femurs weretion of T lymphopoiesis in Ikkb2/2Tnfr12/2 radiation chi-
flushed with cold PBS. Cells were passed through a 40 mm cellmeras suggest that IKKb-mediated NF-kB activation is
strainer. Erythrocytes were lysed using NH4Cl. Cell viability wasnot critical for T cell development. However, the reduced verified by trypan blue exclusion. Cell suspensions were incubated
thymic cellularity in Ikkb2/2Tnfr12/2 mice or radiation chi- at 48C with rat anti-mouse CD16/CD32 (PharMingen) to block non-
specific Fc receptor binding. Cells (1 3 106) were stained with mono-meras certainly supports a contribution of NF-kB to early
clonal antibodies for 30 min at 48C in 75 ml of PBS containing 1% BSAT cell development in a nonessential way. Nevertheless,
and 0.1% NaN3. Cells were incubated with rat anti-mouse biotin-the major reason for the absence of T lymphocytes in
conjugated CD127 (B12-1)/streptavidin-phycoerythrin (PE), fluores-Ikkb2/2 radiation chimeras seems to be increased sensi-
cein isothiocyanate (FITC)-conjugated anti-c-Kit (2B8), anti-CD25
tivity to TNFa-induced apoptosis rather than a develop- (PE, PC61), Cy-Chrome-conjugated anti-CD44 (IM7), anti-CD45.1
mental defect. (PE, A20), anti-CD45.2 (FITC, 104), and anti-Gr-1 (PE, RB6–8C5) (all
from PharMingen). Cells were also stained with anti-B220 (TC, RA3-Although IKKb-driven NF-kB activity does not play
6B2), anti-CD4 (PE, CT-CD4), Tri-Color-conjugated anti-CD8a (TC,an obligatory role in T lymphocyte development and
CT-CD8a), and anti-F4/80 (TC) (all from Caltag). Appropriate isotypematuration, it is required for optimal thymocyte prolifera-
control antibodies were used. Cells were analyzed on a FACScantion. A partial decrease in proliferation of Ikkb2/2Tnfr12/2 (Becton Dickinson, Inc.). For in vitro apoptosis assays, CD45.21
thymocytes in response to nonspecific stimuli, such as thymocytes of cotransplanted mice were either sorted or kept with
PMA 1 ionomycin or Con A, was observed. A more CD45.11 thymocytes. Cells were plated in RPMI 1640 supplemented
with 10% heat-inactivated FCS in duplicates at 2 3 105/well in 24-substantial decrease in thymocyte proliferation is seen
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well dishes. Cells were treated for 20 hr with TNFa (10 ng/ml), anti- sion are associated with programmed cell death in the developing
avian embryo and in bone marrow cells in vitro. Cell 75, 899–912.Fas (1 mg/ml; Jo2; PharMingen), cycloheximide (10 mg/ml), dexa-
methasone (1027 M), anti-CD3e (5 mg/ml; 145-2C11; PharMingen; Baeuerle, P.A., and Henkel, T. (1994). Function and activation of NF-
precoated for 90 min) 1 anti-CD28 (2.5 mg/ml; 37.51; PharMingen), kB in the immune system. Annu. Rev. Immunol. 12, 141–179.
or media alone. In coculture experiments, viable cells were analyzed
Baldwin, A.S. (1996). The NF-kB and IkB proteins: new discoveries
by staining with anti-CD45.1, anti-CD45.2, and 7-AAD (1 mg/ml;
and insights. Annu. Rev. Immunol. 14, 649–683.
Sigma). Sorted CD45.21 cells were stained with Annexin V-FITC and
Beg, A., and Baltimore, D. (1996). An essential role for NF-kB inpropidium iodide (PharMingen).
preventing TNFa-induced cell death. Science 274, 782–784.
Beg, A., Sha, W.C., Bronson, R.T., Ghosh, S., and Baltimore, D.Histological and Cytological Analysis
(1995a). Embryonic lethality and liver degeneration in mice lackingLymphoid organs were fixed in 10% buffered formalin and embed-
the RelA component of NF-kB. Nature 376, 167–170.ded in paraffin. After routine processing, 5 mm sections were stained
with hematoxylin and eosin (H&E) for histological analysis. Terminal Beg, A., Sha, W.C., Bronson, R.T., and Baltimore, D. (1995b). Consti-
deoxynucleotidyl transferase–mediated dUTP nick-end labeling tutive NF-kB activation, enhanced granulopoiesis, and neonatal le-
(TUNEL) staining was performed using the In Situ Cell Detection kit thality in IkBa-deficient mice. Genes Dev. 9, 2736–2746.
according to manufacturer’s instructions (Boehringer Mannheim). Bessho, R., Matsubara, K., Kubot, M., Kuwakodo, K., Hirota, H.,
Wakazono, Y., Wei Lin, Y., Okuda, A., Kawai, M., and Heike, T. (1994).
Colony-Forming Assays Pyrrolidine dithiocarbamate, a potent inhibitor of nuclear factor-
Bone marrow cells (5 3 105/35 mm dish) were plated in duplicate kB (NF-kB) activation, prevents apoptosis in human promyelocytic
in 1.5 ml of methylcellulose medium (Stem Cell Technologies; Meth- leukemia HL-60 cells and thymocytes. Biochem. Pharmacol. 48,
ocult GF M3434) containing GM-CSF (10 ng/ml), IL-3 (10 ng/ml), or 1883–1889.
IL-7 (10 ng/ml). Colonies were identified by morphology and counted Boothby, M.R., Mora, A.L., Scherer, D.C., Brockman, J.A., and Bal-
after 7 (IL-7) or 14 (IL-3 and GM-CSF) days. lard, D.W. (1997). Perturbation of the T lymphocyte lineage in trans-
genic mice expressing a constitutive repressor of nuclear factor
Lymphoproliferation, IKK, and NF-kB Assays (NF)-kB. J. Exp. Med. 185, 1897–1907.
Thymocytes from Ikkb2/2Tnfr2/2 double mutant and control Ikkb1/1
Burkly, L., Hession, C., Ogata, L., Reilly, C., Marconi, L.A., Olson,Tnfr2/2 mice were cultured in RPMI 1640 supplemented with 10%
D., Tizard, R., Cate, R., and Lo, D. (1995). Expression of RelB isheat-inactivated FCS, 100 U/ml penicillin/streptomycin, and 2 mM
required for the development of thymic medulla and dendritic cells.glutamine in 96-well plates (105 cells/well). After 24 hr stimulation
Nature 373, 531–536.with anti-CD3e (5 mg/ml; 145-2C11; PharMingen; precoated for 90
Carsetti, R. (2000). The development of B cells in the bone marrowmin at 378C), PMA (5 ng/ml) 1 ionomycin (500 ng/ml), or concanava-
is controlled by the balance between cell-autonomous mechanismslin A (10 mg/ml), cells were pulsed for 16 hr with [3H]thymidine (5
and signals from the microenvironment. J. Exp. Med. 191, 5–8.mCi/ml; Amersham) and harvested using a semiautomatic sample
harvester (Tomtec). Incorporation of radioactivity was measured by Doi, T.S., Takahashi, T., Taguchi, O., Azuma, T., and Obata, Y. (1997).
scintillation counting. IKK and NF-kB activities in nonstimulated NF-kB RelA-deficient lymphocytes: normal development of T cells
and PMA 1 ionomycin–stimulated thymocytes were measured as and B cells, impaired production of IgA and IgG1 and reduced prolif-
described (Li et al., 1999b). erative responses. J. Exp. Med. 185, 953–961.
Doi, T.S., Marino, M.W., Takahashi, T., Yoshida, T., Sakakura, T.,
Analysis of TNFa Expression Old, L.J., and Obata, Y. (1999). Absence of tumor necrosis factor
Preparation of total mRNA from spleen and liver and DNase treat- rescues RelA-deficient mice from embryonic lethality. Proc. Natl.
ment were performed with the RNeasy kit (Qiagen) according to Acad. Sci. USA 96, 2994–2999.
manufacturer’s instructions. Reverse transcription was carried out Eckmann, L., Fierer, J., and Kagnoff, M.F. (1996). Genetically resis-
as described (Tamura et al., 2000). Using equivalent amounts of tant (Ityr) and susceptible (Itys) congenic mouse strains show similar
cDNA, real-time PCR was performed with the SYBR Green kit (PE cytokine responses following infection with Salmonella dublin. J.
Applied Biosystems), according to manufacturer’s instructions, on Immunol. 156, 2894–2900.
an ABI PRISM 7700 Sequence Detector. Standard curves were gen-
Franzoso, G., Carlson, L., Xing, L.P., Poljak, L., Shores, E.W., Brown,erated using serial dilutions of pooled total RNA from five normal
K.D., Leonardi, A., Tran, T., Boyce, B.F., and Siebenlist, U. (1997).wt mice. Amplification of a single template was confirmed routinely
Requirement for NF-kB in osteoclast and B-cell development. Genesby means of agarose gel electrophoresis. Primer sequences for
Dev. 11, 3482–3496.TNFa and GAPDH and conditions for RT-PCR were previously de-
Gerondakis, S., Grossmann, M., Nakamura, Y., Pohl, T., and Gru-scribed (Eckmann et al., 1996; Tamura et al., 2000). Measurement
mont, R. (1999). Genetic approaches in mice to understand Rel/NF-of TNFa was performed in duplicate on serum samples, using a
kB and IkB function: transgenics and knockouts. Oncogene 18,mouse TNFa enzyme–linked immunosorbant assay kit (R&D Sys-
6888–6895.tems) according to manufacturer’s instructions.
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